Background {#Sec1}
==========

Local nutrition, being an important part of precision nutrition, relates to nutrient supply, uptake and utilization in a specific organ, tissue or cell \[[@CR1]\]. The functional mammary gland (MG) serves as a lactating organ and its nutrition is of high importance. Understanding of local mammary nutrition is therefore critical for improving milk production and milk quality \[[@CR2], [@CR3]\]. The local supply of energy-yielding nutrients such as glucose appears to impact both female metabolism and bovine synthesis of milk components \[[@CR4]\]. In our previous study, increased glucose supply to the MG largely affected milk glucose-related metabolites and led to acute glycolysis and oxygen radical accumulation in the goat MG at high dosages of glucose \[[@CR5]\], indicating that glucose availability and intracellular metabolic pathways can be altered by glucose supply to the MG. However, it is unclear whether the local glucose supply may also alter the amino acid (AA) metabolism in the MG and milk AA concentration.

The mammalian target of rapamycin (mTOR) signaling pathway is known to play an important role in sensing and responding to changes in the availability of local nutrients, such as AA \[[@CR6], [@CR7]\]. The AA sensory function of the mTOR pathway was first demonstrated in a study of hepatocyte autophagy by Blommaart et al. \[[@CR8]\], who showed that addition of AA inhibited valine release as a result of autophagic protein degradation and the effect was inhibited by rapamycin. Recently, the mTOR pathway has been shown to be critical for AA sensing and utilization in the lactating bovine or mouse MG \[[@CR9], [@CR10]\].

Milk protein synthesis can be manipulated by both protein and energy supply \[[@CR11]--[@CR13]\]. Mammary AA metabolism can be influenced by changes in the AA profile and other nutrients in the mammary arterial blood \[[@CR14]\]. In the MG, glucose can be used to synthesize nonessential AA (NEAA). Restriction of glucose may limit the availability of NEAA in the bovine MG and may cause decreased milk protein synthesis \[[@CR15]\]. In addition, the uptake of some NEAA into the bovine MG is substantially lower than their output in milk protein \[[@CR16], [@CR17]\]. The conversion of essential AA (EAA) to NEAA in the bovine MG is likely affected by the availability of glucose \[[@CR18]\]. Moreover, the AMP-activated protein kinase (AMPK) plays an essential role in cellular energy sensing \[[@CR19]\] and mTOR activation \[[@CR20]\]. This signaling pathway may be involved in regulating the effect of local MG glucose supply (LMGS) on AA sensing and utilization in the lactating MG \[[@CR21], [@CR22]\]. However, our knowledge is limited on nutrient sensing via the AMPK and mTOR pathways in the MG.

Thus, the objective of this study was to determine the role of AMPK-mTOR pathway in AA sensing and utilization by directly infusing different dosages of glucose into the MG of dairy goats via the external pudendal artery (EPA) \[[@CR23]\]. Our study involved direct and precise manipulation of the glucose influx into the MG relative to infusions from the abomasum or peripheral routes. Our study also provided a few reported parameters of milk amino acid profile in the dairy goats.

Materials and methods {#Sec2}
=====================

Animals and experimental design {#Sec3}
-------------------------------

All experimental procedures were approved by the Animal Use and Care Committee of Zhejiang University (Hangzhou, China). The details of animals, catheterization, and treatments used in Exp.1 have been described previously \[[@CR5]\]. Briefly, six lactating Guanzhong dairy goats (aged 3 years; days-in-milk: 113 ± 6; and BW: 43.6 ± 3.0 kg) were used. Milk yield of the animals was 1.47 ± 0.05 kg/d before the experiment began. Goats were fitted with catheters at the EPA and allowed to recover for 4 weeks \[[@CR5]\] before being assigned to one of six dosages of glucose infusion (0, 20, 40, 60, 80, and 100 g/d\] through the EPA catheter in a 6 × 6 Latin square design with repeated measures over 12-day periods consisting of 7 treatment days where glucose was infused each day for 5 h, followed by 5 transition days without glucose infusions. For each glucose treatment day, glucose was infused continuously from 12:00 to 17:00 for 5 h at a speed of 2.00 mL/min into the EPAs using syringe infusion pumps (Smiths WZS-50F6, Smiths Medical Instrument, Zhejiang, China). The goats were kept in individuals pens and milked 3 times a day (06:30, 10:00, and 19:00) using a portable milking machine. All goats were fed the same ration (Additional file [1](#MOESM1){ref-type="media"}: Table S1), providing 81% of the energy requirement and containing forage and pelleted concentrates at 07:00, 11:00, and 17:30. Feed was adjusted to allow for 5% orts. There were two reasons to provide animals with 81% of the energy requirements only: 1) the LMGS should have the largest effects on mammary AA sensing and utilization and milk protein synthesis under conditions of energy shortage, and 2) in Chinese dairy goat farms, energy shortage is generally considered common so the experiment was likely to be representative of the natural feeding conditions.

In the Exp.2, the same six catheterized, lactating dairy goats used in Exp.1 were infused via the EPA with three dosages of glucose \[0 (low dose, LDG), 60 (optimal dose, MDG), and 100 (high dose, HDG) g/d glucose\] in a 3 × 3 replicated Latin square design (replicate = 2). Identification of these dosages was based on the milk yield results from Exp.1, some of which were described elsewhere \[[@CR5]\]. Briefly, LDG caused the lowest milk yield among all glucose infusion dosages; MDG resulted in the highest milk yield among all glucose infusion dosages; vice versa, HDG reduced milk yield when compared with MDG. The daily management of experimental goats, including glucose infusion, milking, and feeding, was similar to the procedures in Exp.1.

Sampling and analyses {#Sec4}
---------------------

In Exp.1, feed samples were collected daily to analyze nutrient composition, as shown in Additional file [1](#MOESM1){ref-type="media"}: Table S1. Milk yield was recorded in the last 3 d of the treatment days, and milk samples were taken daily for immediate determination of milk protein or stored at − 20 °C for the subsequent analysis of 6 major milk proteins (α~S1~-casein, α~S2~-casein, β-casein, κ-casein, α-lactalbumin, and β-lactoglobulin) by reverse-phase HPLC (Agilent 1100; Agilent Technologies, Inc., Santa Clara, CA, USA) \[[@CR24]\] and the milk protein AA profile after HCl hydrolysis. The major milk proteins in the milk samples including sample preparation, dilution and calibration curves were determined according to a published study \[[@CR24]\]. At 06:30, 10:00, and 19:00, blood samples (5 mL) were collected from the EPA and mammary vein, and then immediately centrifuged at 3,000×*g* for 15 min at 4 °C to obtain the plasma. The plasma samples from 3 time points were pooled according to sample sites to analyze the AA profiles. Both the AA profiles in plasma and milk protein were measured by an Automatic AA Analyzer (Hitachi High-technologies Corporation, Tokyo, Japan).

Mammary tissue was sampled by biopsy in Exp.2 after the 19:00 milking on the last day of infusion. The mammary tissues were collected from the middle area of left udder in each period. The biopsy procedures were as follows: after milking, ketamine hydrochloride (4 mg/kg BW) and xylazine hydrochloride (0.5 mg/kg BW) were injected to anesthetize the goats. After cutting the skin of the MG, a sterile biopsy needle (14 G × 16 cm, Bard Peripheral Vascular, Inc., Tempe, AZ, USA) was inserted into the MG to approximately 9 cm to collect the mammary parenchyma. These samples were taken from the neighboring area (middle of the udder) to avoid previously biopsied areas. The tissue was immediately placed in sterile cryogenic vials and stored in liquid nitrogen.

RNA extraction and real-time PCR analysis {#Sec5}
-----------------------------------------

Total RNA extraction and quality testing (OD~260~/OD~280~ ranged between 1.8 and 2.0 and RIN was greater than 7) followed the method described in a previous study \[[@CR25]\]. The cDNA was synthesized to analyze the mRNA abundance of the selected genes following the method described previously \[[@CR26]\]. The ubiquitously expressed transcript, mitochondrial ribosomal protein L39, and ribosomal protein S9 were used as reference genes after assessing their qualification using geNorm \[[@CR27]\]. The sequences of primers for the analyzed genes \[activating transcription factor 4 (*ATF4*), β-lactoglobulin (*BLG*), α~S2~-casein (*CSN1S2*), β-casein (*CSN2*), κ-casein (*CSN3*), eukaryotic translation elongation factor 1 α 1 (*EEF1A1*), eukaryotic translation elongation factor 2 (*EEF2*), eukaryotic translation initiation factor 4E binding protein 1 (*EIF4EBP1*), general control nonderepressible 2 (*GCN2*), α-lactalbumin (*LALBA*), *MTOR*, stress protein P8 (*NUPR1*), protein kinase AMP-activated catalytic subunit alpha 1 (*PRKAA1*), and ribosomal protein S6 kinase β-1 (*RPS6KB1*)\] are listed in Additional file [1](#MOESM1){ref-type="media"}: Table S2. The relative change in the mRNA for each individual gene was calculated by the method according to Rao et al. \[[@CR28]\].

Signaling protein analysis {#Sec6}
--------------------------

Total protein was extracted from tissues using RIPA lysis buffer with phenylmethylsulfonyl fluoride (1 mmol/L, Meibiao Biotechnology Co., Jiangsu, China). Approximately 20 mg of tissues were lysed into 150 μL of RIPA lysis buffer. After lysis, samples were centrifuged at a speed of 14,000×*g* for 5 min (4 °C). The supernatant was collected for determination of signaling proteins including mTOR, p-mTOR, AMPK, and p-AMPK using ELISA (goat mTOR ELISA kit, goat p-mTOR ELISA kit, goat AMPK ELISA kit, goat p-AMPK ELISA kit, Meibiao Biotechnology Co., Jiangsu, China). The primary antibodies were all mouse monoclonal antibodies and are specific for the respective goat proteins (Additional file [1](#MOESM1){ref-type="media"}: Table S3). The source of secondary antibodies was horseradish peroxidase coupled rabbit anti-mouse IgG H&L (Meibiao Biotechnology Co., Jiangsu, China; Additional file [1](#MOESM1){ref-type="media"}: Table S3). The standard curves are provided in the Additional file [1](#MOESM1){ref-type="media"}: Figure S1.

Calculations {#Sec7}
------------

The mammary plasma flow (MPF) was estimated using the Fick principle, assuming the 100% transfer of free phenylalanine + tyrosine from plasma into milk protein \[[@CR29]\], with an allowance of 3.5% contribution from blood-borne proteins \[[@CR30]\]: MPF (L/d) = (milk Phe + Tyr) (g/d) × 0.965/\[arterial − venous difference of (Phe + Tyr) (g/L)\].

All individual AA supplies to the MG were calculated using AA concentrations from pooled samples from EPA by the following equation \[[@CR14]\]: AA supply (mmol/d) = AA concentration in the EPA (mmol/L) × MPF (L/d). Mammary uptake of AA was calculated from measurements from pooled samples from EPA and mammary vein by the following equation \[[@CR14]\]: mammary uptake of AA (mmol/d) = \[plasma arterial − venous differences (mmol/L)\] × MPF (L/d). Mammary clearance of AA was calculated by the following equation: Mammary clearance of AA (L/h) = \[arterial − venous difference (mmol/L) × MPF (L/h)\]/venous concentration (mmol/L). The uptake to output ratio (U:O) of AA was calculated by the following equation: U:O of AA = mammary uptake of AA (mmol/d)/\[AA output in milk (mmol/d)\].

Statistical methods {#Sec8}
-------------------

Homogeneity of variances was examined by Levene statistics, and deviances from normality were examined by the Kolmogorov-Smirnoff test with Lilliefors correction. All data yielded *P* \> 0.05 for the homogeneity of variances test and *P* \> 0.05 for the normality test, indicating that the variances were homogenous and normally distributed and allowed for conducting parametric testing. All data were analyzed using the MIXED model (SAS Inst. Inc., Cary, NC) with a 6 × 6 Latin square design in Exp.1 and with a 3 × 3 replicated Latin square design (replicate = 2) in Exp.2. Treatment, goat, period, and residual effects were considered as the sources of the variation. The treatment and period were the fixed variables. The individual goat was considered as the random variable. The residual effect was used to test the significance of the treatment, goat, and period. Differences between the treatments were analyzed by orthogonal polynomial contrast with linear, quadratic, and cubic effects in Exp.1 and with linear and quadratic effects in Exp.2. The results are given as least square means with mean square errors. The effect was defined as significant at *P* ≤ 0.05 and as a tendency at 0.05 \< *P* ≤ 0.10.

Results {#Sec9}
=======

AA profile and major protein components in milk {#Sec10}
-----------------------------------------------

Composition and milk protein yield was not significantly changed (*P* \> 0.10) by different glucose LMGS (Additional file [1](#MOESM1){ref-type="media"}: Table S4). No significant changes were observed in the individual AA or grouped AA, including EAA, NEAA, and branched-chain AA, in the milk of goats with different LMGS (Table [1](#Tab1){ref-type="table"}, *P* \> 0.10). Increasing the LMGS only showed a tendency of quadratic effects for a few individual AA, including His, Thr, Ala, Cys, and Gly, in milk. However, increasing the LMGS changed the total AA in milk in a quadratic manner (*P*-quadratic = 0.02), where they increased with infusions of 0 to 60 g/d and then decreased with infusions of 60 to 100 g/d. The effects of LMGS on milk protein compositions are presented in Table [2](#Tab2){ref-type="table"}. Quadratic changes were observed in the percentage and yield of α~S2~-casein and α-lactalbumin (*P*-quadratic ≤ 0.05) in response to the increased LMGS, with the highest percentage and yield of α~S2~-casein and α-lactalbumin at the infused dose of 60 g/d. α~S1~-Casein was not detected in the milk of these dairy goats. Table 1Effects of increasing mammary gland glucose supply through external pudendal artery on milk protein AA profiles in lactating dairy goatsItem^1^Infused glucose, g/dSEM*P*-value020406080100LinearQuadraticCubicEssential AA, mmol/L Arg6.366.787.816.945.735.621.150.440.190.31 His5.336.326.926.225.815.540.730.660.080.28 Ile9.9110.211.79.910.310.10.950.980.350.23 Leu23.223.924.325.322.421.72.880.200.470.26 Lys15.615.816.216.315.915.71.590.850.310.27 Met4.294.675.414.334.584.390.510.940.340.45 Phe14.213.914.715.412.813.51.660.170.140.20 Thr16.117.217.819.314.714.11.570.070.060.15 Val17.616.817.818.117.115.61.750.700.450.26Non-essential AA, mmol/L Ala14.113.518.416.114.612.73.580.640.080.29 Asx16.516.318.219.117.716.51.760.550.250.53 Cys2.963.544.464.133.012.980.680.930.070.36 Glx44.244.642.244.943.742.14.060.270.530.13 Gly6.888.9613.813.68.848.122.310.790.080.23 Pro20.220.723.223.520.419.52.770.930.370.25 Ser18.822.221.124.319.218.54.210.820.310.70 Tyr10.611.411.612.211.812.41.120.970.550.28Essential AA, mmol/L1131161231221091066.510.290.130.63Non-essential AA, mmol/L13414115315813913310.50.390.130.68Group-1 AA, mmol/L34.436.338.638.23535.84.290.590.360.28Group-2 AA, mmol/L88.890.795.695.886.182.85.720.440.250.42Branched-chain AA, mmol/L50.750.953.853.349.847.43.980.280.460.37Total AA, mmol/L24725727628024923911.40.600.020.43^1^ Group-1 AA: His, Met, Phe, and Tyr; Group-2 AA: Arg, Ile, Leu, Lys, Thr, and Val; Branched-chain AA: Ile, Leu, and Val. Glx: glutamate + glutamine. Asx: aspartate + asparagineTable 2Effects of increasing mammary glucose supply on milk protein composition in lactating dairy goatsItemsInfused glucose, g/dSEM*P*-value020406080100LinearQuadraticCubicProtein profile, % of milk protein α~S2~-casein10.611.312.814.312.411.71.050.210.030.52 β-casein55.552.555.052.754.454.21.860.850.530.66 κ-casein16.617.515.515.014.915.91.000.110.290.15 α-lactalbumin3.784.074.275.554.153.570.440.900.020.27 β-lactoglobulin13.514.712.512.514.114.61.060.650.240.53Protein fraction yield, g/d α~S2~-casein2.813.173.884.663.443.580.280.03\< 0.010.77 β-casein15.114.916.817.415.316.61.090.300.400.87 κ-casein4.444.954.704.994.174.970.430.870.820.21 α-lactalbumin1.011.191.301.841.171.120.150.43\< 0.010.48 β-lactoglobulin3.604.193.764.073.964.450.330.180.800.31

Supply of AAs to the MG {#Sec11}
-----------------------

The AA concentrations in the EPA are provided in Additional file [1](#MOESM1){ref-type="media"}: Table S5. Quadratic changes were observed in Lys (*P*-quadratic \< 0.01), Val (*P*-quadratic = 0.01), Met (*P*-quadratic = 0.01), and Glx (sum of glutamic acid and glutamin) (*P*-quadratic = 0.04) with increasing LMGS. The mammary artery supply of AA in response to LMGS are presented in Additional file [1](#MOESM1){ref-type="media"}: Table S6. Most of EAA, including Arg, Lys, Met, Thr, and Val, changed quadratically (*P*-quadratic ≤0.05), increasing from 0 to 60 g/d of LMGS and then decreasing from 60 to 100 g/d of LMGS. The NEAA, Glx, Ser, and Tyr changed in a quadratic manner (*P*-quadratic ≤ 0.05), with maximum levels at the infusion of 60 g/d. Increasing the LMGS quadratically changed the mammary artery supply of EAA, NEAA, group-1 AA, group-2 AA, branched-chain AA, and total AA (*P*-quadratic ≤ 0.05), showing increased effects from 0 to 60 g/d of LMGS and then decreased effects from 60 to 100 g/d of LMGS.

AA uptake and utilization in the MG {#Sec12}
-----------------------------------

As shown in Table [3](#Tab3){ref-type="table"}, mammary uptake of EAA, NEAA, group-2 AA, branched-chain AA, and total AA were quadratically changed (*P*-quadratic ≤ 0.05) with the increased LMGS, increasing at doses from 0 to 60 g/d and decreasing at doses from 60 to 100 g/d. Quadratic changes of EAA, including Arg, Ile, Leu, Lys, Met, Phe, Thr, and Val (*P*-quadratic ≤ 0.05), were observed. Mammary uptake of most NEAA did not change with the LMGS (*P* \> 0.10), except for Cys (*P*-quadratic \< 0.01), Glx (*P*-quadratic \< 0.01) and Ser (*P*-quadratic = 0.04), which showed quadratic changes. Table 3Effects of increasing mammary glucose supply on the mammary gland uptake of AA in lactating dairy goats^1^Items^2^Infused glucose, g/dSEM*P*-value020406080100LinearQuadraticCubicEssential AA, mmol/d Arg12.314.515.923.614.39.325.010.960.060.78 His10.28.1812.717.217.47.205.240.810.220.15 Ile15.719.225.232.417.914.35.320.950.020.68 Leu16.721.427.231.821.119.54.130.32\< 0.010.74 Lys11.813.522.926.917.714.21.860.39\< 0.010.50 Met2.973.966.387.525.213.341.180.80\< 0.010.92 Phe10.311.913.916.710.111.21.980.760.040.81 Thr11.215.416.718.815.113.42.290.570.020.28 Val16.116.720.524.620.815.92.210.39\< 0.010.24Non-essential AA, mmol/d Ala14.613.220.315.511.710.33.340.510.580.91 Asx2.881.422.052.044.411.520.870.990.740.13 Cys3.064.387.148.034.583.531.220.36\< 0.010.64 Glx19.225.338.844.932.320.24.630.26\< 0.010.90 Gly4.555.0411.19.958.015.832.890.670.080.87 Pro9.2011.513.611.914.29.34.550.690.250.25 Ser11.517.122.323.513.212.84.840.810.030.57 Tyr8.8010.610.912.19.5010.11.820.690.150.67Essential AA, mmol/d10712516120014010823.20.49\< 0.010.26Non-essential AA, mmol/d73.888.512612897.973.614.20.580.040.62Group-1 AA, mmol/d32.334.643.953.542.231.88.250.700.070.86Group-2 AA, mmol/d83.810012815810786.619.90.650.010.50Branched-chain AA, mmol/d48.557.372.988.859.849.710.10.70\< 0.010.59Total AA, mmol/d18121328832723818233.40.59\< 0.010.45^1^ Mammary gland uptake of AA (mmol/d) = (arterial − venous difference) (mmol/L) × mammary gland plasma flow (L/d)^2^ Glx: glutamate + glutamine; Asx: aspartate + asparagines; Group-1 AA: His, Met, Phe, and Tyr; Group-2 AA: Arg, Ile, Leu, Lys, Thr, and Val; Branched-chain AA: Ile, Leu, and Val

Increasing LMGS from 0 to 60 g/d resulted in the quadratically increased clearance rate of Cys (*P*-quadratic \< 0.01), Glx (*P*-quadratic ≤ 0.05), and Lys (*P*-quadratic \< 0.01), but decreased clearance rate of Cys, Glu, and Lys when LMGS reached at 100 g/d (Additional file [1](#MOESM1){ref-type="media"}: Table S7).

The effect of the LMGS on the U:O of AA is shown in Table [4](#Tab4){ref-type="table"}. Quadratic changes (*P*-quadratic ≤ 0.05) in Cys, Glx, Leu, Lys, and Met were observed, with increased changes at doses from 0 to 60 g/d of LMGS and decreased changes at doses from 60 to 100 g/d of LMGS. The U:O ratios of EAA (*P*-quadratic = 0.02) and Group-2 AA (*P*-quadratic ≤ 0.01) were also quadratically changed, following the same trends. Table 4Effects of increasing mammary glucose supply on the AA uptake to output ratio in the mammary gland of lactating dairy goats^1^Item^2^Infused glucose, g/dSEM*P*-value020406080100LinearQuadraticCubicEssential AA Arg2.792.852.503.863.222.191.320.870.520.59 His2.771.732.263.143.861.711.030.920.550.12 Ile2.292.512.653.722.241.870.740.550.220.47 Leu1.041.191.381.431.211.190.120.370.040.69 Lys1.091.141.741.881.431.190.160.33\< 0.010.16 Met1.001.131.451.971.471.000.310.910.040.70 Phe1.051.141.161.231.021.090.310.950.680.77 Thr1.011.191.151.111.321.250.140.880.290.52 Val1.321.331.421.541.571.340.110.950.300.44Non-essential AA Ala1.501.301.361.091.031.070.350.130.730.85 Asx0.250.120.140.120.320.120.110.860.960.34 Cys1.491.651.972.211.961.560.150.67\< 0.010.21 Glx0.630.761.131.140.950.630.120.43\< 0.010.87 Gly0.960.750.990.831.170.950.250.530.340.84 Pro0.660.740.720.580.900.630.320.690.860.55 Ser0.881.031.301.100.890.910.230.730.290.71 Tyr1.201.241.161.131.041.070.280.890.340.85Essential AA1.381.441.621.861.651.350.140.820.020.57Non-essential AA1.741.811.131.461.381.820.390.780.400.62Group-1 AA1.351.271.401.591.551.170.470.730.730.41Group-2 AA1.361.481.651.871.601.380.130.59\< 0.010.65Branched-chain AA1.381.501.671.891.551.380.380.870.100.78Total AA1.061.111.281.331.231.000.310.900.220.74^1^ AA uptake to output ratio = Mammary gland uptake of AA (mmol/d)/\[AA output in milk (mmol/d)\]^2^ Glx: glutamate + glutamine; Asx: aspartate + asparagines; Group-1 AA: His, Met, Phe, and Tyr; Group-2 AA: Arg, Ile, Leu, Lys, Thr, and Val; Branched-chain AA: Ile, Leu, and Val

Expression of genes involved in the milk protein synthesis and signaling pathways in the MG {#Sec13}
-------------------------------------------------------------------------------------------

As shown in Fig.[1](#Fig1){ref-type="fig"}, mRNA expression of *LALBA* (*P*-quadratic \< 0.01) showed a quadratic increase with increasing LMGS and had the greatest expression at the glucose infusion of 60 g/d, whereas no differences were detected in the mRNA levels of *CSN1S2* (*P* \> 0.05), *CSN3* (*P* \> 0.05), and *BLG* (*P* \> 0.05) between all treatments. A tendency towards quadratic response of *CSN2* mRNA expression (*P*-quadratic = 0.09) to increasing LMGS was found with a highest *CSN2* mRNA expression at a glucose infusion rate of 60 g/d. The mRNA expression of genes involved in the AMPK-mTOR pathway is shown in Fig.[2](#Fig2){ref-type="fig"}. Quadratic decreases of mRNA expression of *PRKAA1* (*P*-quadratic = 0.01), *EIF4EBP1* (*P*-quadratic \< 0.01), *EEF1A1* (*P*-quadratic \< 0.01), and *EEF2* (*P*-quadratic \< 0.02) were found with increasing infused LMGS, with lowest mRNA expression at the infusion level of 60 g/d. However, quadratic increases of higher mRNA expression of *MTOR* (*P*-quadratic \< 0.01) and *RPS6KB1* (*P*-quadratic \< 0.01) were found with increasing infused LMGS, with highest mRNA expression at the infusion rate of 60 g/d. Fig. 1Relative mRNA expression of genes encoding the main milk proteins in the mammary gland of lactating goats infused with low (LDG, 0 g/d), middle (MDG, 60 g/d) or high (HDG, 100 g/d) glucose dosages through the external pudendal artery in Exp.2. Error bars represent pooled SEM. ^a,b,c^Values without a common letter for a gene differ (*P* ≤ 0.05). A *BLG* = β-lactoglobulin; B *CSN1S2* = α~S2~-casein; C *CSN2* = β-casein; D *CSN3* = κ-casein; E *LALBA* = α-lactalbuminFig. 2Relative mRNA expression of genes involved in the AMPK-mTOR pathway in lactating mammary glands of dairy goats locally treated with low (LDG, 0 g/d), middle (MDG, 60 g/d) or high (HDG, 100 g/d) glucose dosages in Exp.2. Error bars represent the pooled SEM. ^a,b,c^Values without a common letter for a gene differ (*P* ≤ 0.05). A *EEF1A1* = eukaryotic translation elongation factor 1 α 1; B *EEF2* = eukaryotic translation elongation factor 2; C *EIF4EBP1* = eukaryotic translation initiation factor 4E binding protein 1; D *MTOR* = mechanistic target of rapamycin; E *PRKAA1* = protein kinase AMP-activated catalytic subunit alpha 1; F *RPS6KB1* = ribosomal protein S6 kinase β-1

The protein abundance and phosphorylation state of AMPK and mTOR signaling proteins in the MG are shown in Fig.[3](#Fig3){ref-type="fig"}. Quadratic increases in total mTOR (*P*-quadratic \< 0.01) and p-mTOR levels (*P*-quadratic \< 0.01) as well as the ratio of p-mTOR to mTOR (*P*-quadratic \< 0.01) were observed when increasing LMGS was infused, with highest levels at the glucose infusion rate of 60 g/d. Quadratic decreases of total AMPK (*P*-quadratic \< 0.01) and p-AMPK levels (*P*-quadratic \< 0.01) as well as the ratio of p-AMPK to AMPK (*P*-quadratic \< 0.01) were observed when increasing LMGS was infused, with the lowest ratio at the glucose infusion of 60 g/d. Fig. 3Protein abundance and phosphorylation state of AMPK and mTOR in lactating mammary glands of dairy goats locally treated with low (LDG, 0 g/d), middle (MDG, 60 g/d) or high (HDG, 100 g/d) glucose dosages in Exp.2. Error bars represent the pooled SEM. ^a,b,c^Values without a common letter differ (*P* ≤ 0.05). A AMPK = AMP-activated protein kinase; B p-AMPK = phosphorylated AMP-activated protein kinase; C p-AMPK/AMPK = the ratio of phosphorylated AMP-activated protein kinase to AMP-activated protein kinase; D mTOR = mechanistic target of rapamycin; E p-mTOR *=* phosphorylated mechanistic target of rapamycin; F p-mTOR/mTOR = the ratio of phosphorylated mechanistic target of rapamycin to phosphorylated mechanistic target of rapamycin

The expression of two genes involved in the AA sensory pathways is shown in Fig.[4](#Fig4){ref-type="fig"}. Quadratic decrease of *GCN2* (*P*-quadratic \< 0.01), *ATF4* (*P*-quadratic \< 0.01) and *NUPR1* (*P*-quadratic = 0.02) were found when increasing LMGS was infused, with lowest mRNA expression at the glucose infusion rate of 60 g/d. Fig. 4Relative mRNA expression of genes involved in amino acid response pathways in lactating mammary glands of dairy goats locally treated with low (LDG, 0 g/d), middle (MDG, 60 g/d) or high (HDG, 100 g/d) glucose dosages in Exp.2. Error bars represent pooled SEM. ^a,b,c^Values without a common letter were significantly different (*P* ≤ 0.05). A *ATF4* = activating transcription factor 4; B *GCN2* = general control nonderepressible 2; C *NUPR1* = stress protein P8

Discussion {#Sec14}
==========

Effects of LMGS on mammary AA utilization {#Sec15}
-----------------------------------------

Mammary AA availability is considered as the main limiting factor for milk protein synthesis \[[@CR31], [@CR32]\]. In this study, the supply of most EAA and glucogenic NEAA (Glx and Ser) to the MG was improved when the LMGS was increased from 0 to 60 g/d. These changes likely resulted from the reduced glucogenesis rates for these AA in the liver with an unchanged dry matter intake which was reported in previous work \[[@CR5]\]. Rulquin et al. also showed that the intestinal glucose supply affects circulating AA to the MG \[[@CR33]\]. The milk urea concentration linearly decreased with increasing LMGS in our previous study, indicating that when more glucose is available, less AA are catabolized and a greater proportion of AA is used to synthesize protein in the MG \[[@CR5]\]. However, the U:O of the EAA, such as Lys and Leu, still increased in response to increasing LMGS from 0 to 60 g/d, indicating that increased synthesis of NEAA or other metabolites from these EAA are still required in the MG to support the increased milk yield in goats infused with 0--60 g/d glucose \[[@CR5]\]. Moreover, milk yield and milk protein yield tended to decrease when the LMGS was increased from 60 to 100 g/d \[[@CR5]\]. This decrease was consistent with the decreased supply of AA (particularly EAA) and mammary uptake in these animals. Thus, it appears that when a high dosage of glucose was given, AA availability to the MG was inhibited, and may have mainly resulted from a trend of decreased MPF in these animals observed in both our previous study \[[@CR5]\] and another study \[[@CR34]\]. In addition, our previous study showed that high dosage of glucose resulted in acute glycolysis in mammary epithelial cells (MEC), accumulated reactive oxygen species and decreased the antioxidant capacity of MEC \[[@CR5]\]. Thus, an optimal supply of glucose can lead to greater mammary artery supply and utilization of AA compared with those at lower or even higher glucose supply. Moreover, the current work also contributes to the understanding of a few reported milk AA profiles in the dairy goats.

Effects of LMGS on mammary AA sensing {#Sec16}
-------------------------------------

The AA availability is sensed by cells through nutrient regulatory signaling pathways \[[@CR6]\]. Previous studies have demonstrated that mTOR plays an important role in linking AA abundance to several bioprocesses, including cellular stress and energy status \[[@CR6], [@CR35]\]. In addition, GCN2, a serine/threonine protein kinase, converges on PHA-4/FoxA as well as related downstream pathway to keep the cells alive under AA deficiency condition \[[@CR36]\]. The responses of GCN2 to AA deficiency are initiated by binding to uncharged tRNAs and activated EIF2 and ATF4, which function together as major response to restore AA metabolism and homeostasis \[[@CR22], [@CR37]\]. In our studies, the mRNA expression and total protein abundance of mTOR as well as the p-mTOR concentration and the ratio of p-mTOR to mTOR were all increased in the MG of the MDG group compared with the LDG and HDG groups, coinciding with mammary AA supply, uptake and milk yield \[[@CR5]\]. Lower mTOR pathway activation was observed in LDG and HDG animals, compared to animals in MDG group. In addition, reduced expression of *GCN2* in MDG animals compared with LDG and HDG goats may suggest an important regulatory role of *GCN2* in glucose-mediated intracellular AA fluctuations. Consistently, the lower mRNA expression of *ATF4* in MDG goats relative to LDG and HDG goats and the higher mRNA expression of *ATF4* in HDG animals relative to LDG and MDG goats further support the role of the GCN2-EIF2-ATF4 pathway in sensing AA availability in this study. Furthermore, P8, the stress inducible protein coded by *NUPR1*, was highly expressed when the highest level of glucose was infused into the MG in the HGD group. Nutrient-mediated stress was likely induced by the high dosage of local glucose through the expression of *ATF4*-dependent *NUPR1*, which may in turn have inhibited protein synthesis by endoplasmic reticulum stress or redox stress \[[@CR38], [@CR39]\]. In summary, our results suggest that the mTOR pathway may be activated and GCN2-EIF2-ATF4 pathway inhibited in MECs when there is increased glucose and AA availability in the MG. On the other hand, high dosages of local glucose disrupt the AA availability in the MG, which can be sensed by the activation of the GCN2-EIF2-ATF4 pathway and stress proteins, and inhibition of the mTOR pathway.

Response of α-lactalbumin to LMGS {#Sec17}
---------------------------------

AMPK is a cellular energy sensor \[[@CR40], [@CR41]\]. Zhang et al. showed that glucose deficiency activates the AMPK signaling pathway \[[@CR42]\]. In this study, we observed that both LDG and HDG animals had higher mRNA abundance of *PRKAA1* (encoding the catalytic subunit of the 5′-prime-AMPK), AMPK abundance and p-AMPK levels in the MG than those of MDG animals. The higher AMPK expression could lead to reduced mRNA abundance of α-lactalbumin in MECs and milk α-lactalbumin content. The possible higher sensitivity of *LALBA* gene expression to LMGS compared to other milk proteins probably occurred because it is a part of lactose synthase, which catalyzes lactose synthesis from glucose \[[@CR22]\]. The ratio of AMP to ATP within MECs could be influenced by the LMGS, with higher values in the LDG due to lower glucose availability and in the HDG due to increased glycolysis \[[@CR5], [@CR43], [@CR44]\]. AMPK signaling became activated when the ratio of AMP/ATP was high. The expression of *LALBA* may be under the direct inhibition of AMPK, which can link lactose synthesis to optimal intracellular glucose availability \[[@CR45]--[@CR47]\]. Consistently, the yield of lactose \[[@CR5]\] and α-lactalbumin in milk was higher in the MDG group compared to the LDG and HDG groups. We propose that the AMPK signaling changes may be at least partially responsible for the mTOR signaling changes as visible from the current study and data from another study \[[@CR42]\].

Response of α~S2~-casein to LMGS {#Sec18}
--------------------------------

Protein synthesis is largely affected by the availability and balance of AA \[[@CR42]\]. For example, protein profiles synthesized under excess or deficiency of any AA in animal rations can be different from those of animals at adequate levels of dietary energy \[[@CR48], [@CR49]\]. Conde-Aguilera et al. showed that the supply of sulfur AA resulted in the high Cys content in the proteins of muscle, jejunum and ileum \[[@CR50]\]. In our study, the supply and utilization of AA in the MG were affected by the LMGS, including the quadratic changes in mammary artery supply of Val, Met, Lys, Thr, Arg, Ser, Glx, and Tyr, the quadratic changes in mammary uptake of Cys, Glx, Ser and most EAA, the quadratic changes in U:O ratios of Met, Leu, Lys, Glx, and Cys, and the quadratic changes in mammary clearance rates of Lys, Glu, and Cys, with more pronounced changes at dosages from 0 to 60 g/d and decreased effects at dosages between 60 to 100 g/d. Taking all these changes into consideration, Lys and Glx consistently responded to the LMGS changes. Accordingly, the milk content and yield of α~S2~-casein also showed the same quadratic changes with increased changes at doses from 0 to 60 g/d of LMGS and decreased changes at doses from 60 to 100 g/d. The quadratic increase of milk content and yield of α~S2~-casein could be associated with quadratic increase in supplies of Lys and Glx at doses from 0 to 60 g/d of LMGS because the content of these two AA in α~S2~-casein (21.9%) was higher compared with that in β-casein (14.4%), κ-casein (10.4%), α-lactalbumin (13.4%), and β-lactoglobulin (17.8%).

Conclusions {#Sec19}
===========

Compared to MDG goats, LDG and HDG goats had lower gene expression of *LALBA*, lower protein levels and activation of mTOR, lower mammary artery supply and utilization of AA, but higher protein levels and activation of AMPK. These changes may contribute to the lower concentrations of total milk AA, α~S2~-casein, α-lactalbumin as well as the yields of α~S2~-casein and α-lactalbumin in these goats. Moreover, excessive glucose may cause nutrient stress and induced the *GCN2* expression, which resulted in reduced total AA output into milk in HDG goats. Our findings provide new insights into nutrient interactions coordinated by the AMPK-mTOR pathway in the MG of dairy goats as well as other dairy ruminants.
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**Additional file 1: Table S1.** Ingredient and chemical compositions of the basal diet fed to lactating dairy goats. **Table S2.** Primers used for quantitative real-time PCR. **Table S3.** Antibodies used in the signaling protein analysis. **Table S4.** Effects of increasing mammary glucose supply by external pudendal artery on composition and milk protein yield. **Table S5.** Effects of increasing mammary gland glucose supply through the external pudendal artery on AA concentration in external pudendal artery in lactating dairy goats. **Table S6.** Effects of increasing the mammary glucose supply on the AA supply to the mammary gland of lactating dairy goats. **Table S7.** Effects of increasing mammary gland glucose supply through external pudic artery on mammary clearance rate of amino acids (AA). **Figure S1.** Standard curve for the determination of signaling proteins.
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LALBA

:   α-Lactalbumin

LDG

:   Low dose of glucose

LMGS

:   Local mammary glucose supply

MDG

:   Middle dose of glucose

MEC

:   Mammary epithelial cell

MPF

:   Mammary plasma flow
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:   Protein kinase AMP-activated catalytic subunit alpha 1
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